We aimed to evaluate the dextrose equivalent and the dynamic rheological parameters of dextrin obtained by hydrolysis of edible canna starch by using α-amylase enzyme. We found that the dextrose equivalent value and dynamic rheological properties, as presented by storage and loss modulus (Gʹ and G″) values, varied with the incubation time (1, 3, and 5 h) and α-amylase concentration (0.03, 0.04, 0.05, and 0.06% w/w). Increase in the incubation time and α-amylase concentration increased the dextrose equivalent from 9.0 ± 0.2 to 21.3 ± 1.9 and decreased the storage modulus (G′) from 3747.4 to 18.0 Pa and the loss modulus (G″) from 659.4 to 5.5 Pa at 25°C. Meanwhile, G′ decreased from 27781.0 Pa to 11313.1 Pa and G″ decreased from 6647.2 Pa to 1826.4 Pa at 95°C.
INTRODUCTION
Dextrins are obtained from the partial hydrolysis of starch using acids, enzymes, or combinations of both. [1] [2] [3] They are used as thickening agents, texturizers, filling agents, and stabilizers in the food and pharmaceutical industries. Moreover, because of their bio-compatibility and degradability, dextrins and other starch-based materials are presently being used to prepare biodegradable hydrogels that have applications in medicine, pharmacy, and biology. [4, 5] Furthermore, dextrins are potential excipients for drug-delivery systems. [6, 7] The properties of dextrin are influenced by the type of hydrolysis process and raw starch granules, which affect their molecular distribution and oligosaccharide profiles. Raw starch granules exist as crystalline forms and are resistant to attack by α-amylase enzyme. α-amylase hydrolyzes the α-(1,4)-glycoside linkage of starch by acting at random locations along the starch chain, ultimately yielding maltotriose and maltose from amylose or maltose, glucose, and "limit dextrin" from amylopectin. The extent of starch hydrolysis is generally expressed in terms of the "dextrose equivalent" (DE), a quantity that indicates the number of dextrose molecules released from the hydrolysis of starch. Glucose has a DE value of 100, while starch has a DE of zero. [8] Maltodextrins are partial hydrolysates of starch with DE values below 20.
Dextrins with the same DE could vary in [9] their hygroscopicity, fermentability, viscosity, sweetness, stability, solubility, and bioavailability. [10] Chereji et al. [11] reported that the α-amylase content of 0.10-0.15% assures the best quality for flour dough, which is related to its dextrin properties. Sun et al. [10] reported that the size and viscosity of dextrin decreases with an increase in DE value. Juszczak et al. [12] found that maltodextrins with different DE values exhibited different effects on the rheological properties of potato starch pastes. Maltodextrins with a DE value of 18.2 influenced the pasting characteristics, flow behavior, and viscoelastic properties of starch.
In general, gelatinization of starch is started by swelling and accompanied by leaching of granule constituents, predominantly amylose, and the formation of a three-dimensional networks. [13] [14] [15] [16] These changes and the effect of α-amylase action are responsible for the rheological characteristics of dextrins. Rheological behavior of starch is influenced by amylose content, granule size distribution, granule volume fraction, granule shape, granule-granule interaction, and continuous phase viscosity. [17] [18] [19] [20] [21] Enzymatic hydrolysis of starch is a critical factor that govern the rheological/pasting behavior of dextrins. In relation to rheological properties of starch, Jiang et al. [22] found that the storage modulus and loss modulus of mung bean starch increased with the increased pressure and the pressurized of mung bean starch gels were pseudoplastic non-Newtonian fluids.
The dynamic storage modulus (Gʹ) is a measure of the energy stored in the material and recovered from it per cycle of sinusoidal deformation, while the loss modulus (Gʺ) is a measure of the energy dissipated or loss per cycle. [23] During the continous heating in dynamic rheometer, the Gʹ of starch progressively increases to a maximum at certain temperature and then drops. The initial increase in Gʹ is attributed to granule swelling. [24] With further increase in temperature, Gʹ decreases, indicating that the gel structure is destroyed [25] that is due to the melting of crystalline region of the granules. [26] The present study aimed to determine the physicochemical properties of edible canna starch, namely, DE, storage modulus (G′), and loss modulus (G″), as a function of αamylase concentration and incubation time. Edible canna starch was used because of its easy availability and its feasibility as a raw material for dextrin production.
MATERIALS AND METHODS

Materials
Edible canna (Canna edulis Kerr.) tubers were purchased from farmers in Malang City, Indonesia.
Isolation of Starch
Starch isolation was initiated by washing the edible canna tubers to remove solid dirt followed by crushing them to form a paste. The paste was mixed with water (1:3), and the mixture was sieved using a fine cotton cloth to separate the fibers. The fibers remained on the cloth, while the dispersed starch and protein passed through it. The crude dispersed starch was washed with water and left to precipitate for 12-24 h, followed by air-drying for at least 1 day. The dried starch was then milled to obtain fine starch flour.
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Enzymatic Hydrolysis for Dextrin Production
A slurry containing 30% of starch (w/v) was adjusted to a pH of 5.3 and gelatinized at 85°C for 15 min. The gelatinized starch was then hydrolyzed using various concentrations of α-amylase (0.03, 0.04, 0.05, and 0.06% w/w of starch) at 95°C and incubated at 1, 3, and 5 h. After cooling at room temperature, α-amylase was inactivated by heating the liquid at 125°C for 20 min. After cooling, dextrin was analyzed.
Determination of DE Value of Dextrin
Approximately 1 g of sample was diluted with aquadest to 50 mL and centrifuged; 0.5 mL of the solution was then mixed with 3,5-dinitrosalicylic acid to measure the content of reducing sugar compared with glucose standard. DE value was calculated using the following equation:
Viscoelastic Behaviors
The analysis of storage modulus (G′) a measure of elastic response and loss modulus (G″) a measure of viscous response as a function of temperature was conducted using dynamic oscillatory test performed using a strain/stress controlled rheometer (Discovery Hybrid Rheometer; TA Instruments, New Castle, DE, USA). This rheometer was equipped with 2.5-cm diameter parallel plates, with an inter-plate distance of 1 mm. Preliminary tests were run in frequency sweep mode by varying the strain amplitude from 0.05 to 100% to obtain the selected strain. The selected strain (0.06%) was within the linear viscoelastic region. After reaching equilibrium at the initial temperature of 25°C, the samples were heated continuously at 2.5°C/min to a final temperature of 100°C. During the heating process, the samples were sheared at an angular frequency of 10 rad/s (Hz,) with a strain amplitude of 0.06% and a number of data points. The storage modulus (G′) and loss modulus (G″) were continuously monitored during the dynamic rheological testing.
RESULTS AND DISCUSSION
Rheological Properties
In general, several factors influence the rheological properties or viscosity of dextrin, namely, the molecular weight, the ratio of amylose to amylopectin, the free water content, and the temperature of dextrin. We observed that the amount of dextrose produced during the hydrolysis process (DE value) varies with the incubation time and the concentration of α-amylase enzyme. The time of contact between the enzyme and starch, and the enzyme concentration directly affects the rate of hydrolysis, consequently increasing the DE value of dextrin. Ba et al. [27] reported that hydrolysis of starch by α-amylase led to reduction of the crystalline structure and produced dextrin with a Newtonian behavior. Dextrin of edible canna starch obtained from various concentrations of α-amylase (0.03, 0.04, 0.05, and 0.06% w/w of starch) during 1 h incubation had relatively low storage modulus (G′) and loss modulus (G″; Fig. 1 ); the resulting modulus values (G′ and G″) increased markedly when the thermal scanning temperatures exceeded 60.8, 53.1, 54.1, and 55.9°C, respectively, before achieving stability at a value in the range of 70-100°C. No intersection area was observed between G′ and G″ curves; however, the differences between G′ and G″ were lowest (0.05 Pa) at 63.3, 56.2, 57.2, and 60.3°C. Figure 2 shows the storage modulus (G′) and loss modulus (G″) of the edible canna dextrin obtained from various concentrations of α-amylase during 3 h incubation. Both G′ and G″ increased markedly when the thermal scanning temperature exceeded 58.2°C, before reaching a stable high value in the range of 63°C-100°C. Xue and Ngadi [28] reported that the increase in G′ from 58.0 to 68.0°C indicates an increase in the elastic properties of food batter (a complex systems comprised of water, flour or starch, and seasonings into which food products are dipped prior to cooking). This was attributed to the gelatinization of starch (dextrin), resulting in the onset of structure formation in which the fluid-like batter transforms into a solid-like coating.
No intersection area was observed between G′ and G″ curves; however, a minimum difference between G′ and G″ (0.05 Pa) was observed at 59.2 and 60.2°C. The increase in α-amylase concentration from 0.04 to 0.06% considerably increased the G′ and G″ values at 56.2, 57.2, and 60.3°C. However, this increase was not observed when the α-amylase concentration was 0.03%. Figure 3 shows the augmentation of storage modulus (G′) and loss modulus (G″) of the edible canna dextrin as a function of enzyme concentration (0.03, 0.04, and 0.05% w/w of starch) during 5 h-incubation. When the thermal scanning temperature exceeded 53.1, 58.2, and 61.2°C, respectively, G′ and G″ values markedly increased before attaining a stable high value in the range of 64-100°C. Dextrin obtained from 0.03 and 0.04% w/w of α-amylase showed no intersection area between the curves of G′ and G″. Minimum difference between G′ and G″ was observed at 54.9 and 60.2°C. Meanwhile, for dextrin hydrolyzed with 0.05% w/w of α-amylase, an intersection between G′ and G″ curves (0.05 Pa) was observed at temperatures from 60.2 to 62.3°C. The increase in G′ and G″values indicated that dextrin changed its phase from liquid to solid. However, the absence of intersection point between G′ and G″ showed that the true solid phase was not achieved due to the hydrolysis of starch molecules by α-amylase. This hydrolysis generated dextrin with a molecular weight lower than that of starch. Clark and Ross-Murphy [29] defined the point of intersection between G′ and G″ curves as the gelation temperature. It was reported that in thermo-reversible materials, the solution viscosity decreases with increasing temperature until the gelling temperature (thermal gel point) is achieved, after which the viscosity rises sharply. [30] [31] [32] [33] Tables 1 and 2 show the data from rheological measurements at  25°C, while Tables 3 and 4 show the data from rheological measurements at 95°C. The hydrolyses of edible canna starches by α-amylase at 0.03, 0.04, 0.05, and 0.06% w/w concentrations increased the DE values of its dextrins when the incubation time was increased from 1 to 5 h. This explains the variations observed in the rheological properties of dextrin, as shown by the significant reduction in G′ and G″ values, when measured using a rheometer at 25°C (see Tables 1 and 2) . The G′ and G″ values at 25°C significantly differed from those at 95°C. The G′ value at 25°C did not exceed 3747.4 Pa, while those at 95°C were between 11313.1 and 27781.0 Pa. The G″ value at 25°C did not exceed 659.4 Pa, while those at >95°C were between 1826.4 Pa and 6647.2 Pa. Tables 3 and 4 show the data from rheological measurements at 95°C, where the hydrolysis of edible canna starches by α-amylase at 0.03, 0.04, 0.05, 0.06% w/w concentrations increased the DE values of its dextrins when the incubation time was increased from 1 to 5 h. This explains the variations observed in the rheological properties of dextrin, as shown by the significant decreased in G′ and G″ values. The decrease in G′ was correlated with a decrease in the viscosity of dextrin because of an increase in the DE along with the increase in hydrolysis activity. The increase in αamylase concentration from 0.03 to 0.06% considerably decreased G′ from 27781.0 to 18275.0 Pa after hydrolysis for 1 h, and from 20764.7 to 11762.4 Pa after hydrolysis for 3 h. These data suggest that the storage modulus G′ decreases with a decrease in the molecular weight of starch/ dextrin. 
DEXTROSE EQUIVALENT AND DYNAMIC RHEOLOGY
The rheological properties of dextrin at 95°C showed that the G″ value decreased along with a decrease in the molecular weight of dextrin due to an increase in α-amylase concentration and incubation time. During 1 h hydrolysis, the G″ value considerably decreased from 6647.2 to 3791.4 Pa, when α-amylase concentration was increased from 0.03 to 0.06%. The G″ value decreased from 4506.5 to 1826.4 Pa when α-amylase concentration was increased from 0.03 to 0.06% during 3 h hydrolysis, and decreased from 3998.4 to 2428.1 Pa during 5 h hydrolysis. G″ decreased markedly when the molecular weight of dextrin decreased due to enzyme activity. G′ and G″ values considerably increased when the temperature was increased to 95°C. We observed that G′ attained the highest value when the temperature exceeded 95°C, and decreased with a decrease in enzyme concentration and incubation time. This finding showed that a decrease in the molecular weight of dextrin led to a decrease in G′ at a temperature ≥95°C. G″ exhibited similar results; however, its value was considerably lower than that of G′. The extension of incubation time (from 1 to 5 h) and increase in the α-amylase concentration (from 0.03 to 0.06%) raised the DE from 9.0% ± 0.2 to 21.3% ± 1.9%.
The rheological properties of C. edulis dextrin at 25°C varied with the incubation time and α-amylase concentration. The increase in incubation time and α-amylase concentration decreased the storage modulus (G′) from 3747.4 to 18.0 Pa and the loss modulus (G″), from 659.4 to 5.5 Pa. Meanwhile, when the rheological properties were measured at 95°C, we observed that G′ decreased from 27781.0 to 11313.1 Pa, while G″ decreased from 6647.2 to 1826.4 Pa. Storage modulus (G′) and loss modulus (G″) significantly increased when the thermal scanning temperature exceeded the range of 53.1-61.2°C, before attaining a stable high value within the range of 63-100°C. The increase in G′ and G″ values indicated that dextrin was converted from liquid phase to solid phase. Moreover, the absence of intersection point between G′ and G″ indicated that the true solid phase 
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was not achieved due to the degradation of edible canna starch by α-amylase that produced small dextrins.
CONCLUSION
The hydrolyses of edible canna starches by α-amylase produce a mixture of α-limit dextrin, maltose, and oligosaccharide. The DE and the rheological properties of C. edulis dextrin varied with incubation time and α-amylase concentration, as evident in the variation exhibited by the storage and loss modulus (G′ and G″) values.
